Background
==========

In mammals, retinal input to the brain clock, located in the suprachiasmatic nucleus (SCN) of the hypothalamus, is required for entrainment of circadian rhythms. Photoreception within the retina is accomplished by rod and cone photoreceptors and intrinsically photosensitive retinal ganglion cells (ipRGCs), which express the photopigment, melanopsin \[[@B1]-[@B3]\]. Rods and cones are not required for entrainment. However, they do play a role since melanopsin knock-out mice retain non-image forming (NIF) responses to light, such as photoentrainment and the pupillary light reflex (PLR), that are eliminated in mice lacking rods, cones and melanopsin \[[@B4],[@B5]\].

We have previously shown that CBA/J mice, which exhibit an early loss of outer retinal photoreceptors, have greater numbers of ipRGCs compared to CBA/N control mice \[[@B6]\]. A greater number of photosensitive cells might argue for enhanced light responses, however, these mice exhibit attenuated phase shifting \[[@B6],[@B7]\]. Studies that assay the PLR in CBA/J mice suggest that the melanopsin pathway is functional at the level of the retina \[[@B6]\]. We hypothesize, therefore, that differences in circadian behaviors are due to changes in central processing.

SCN neurons express a variety of neuropeptides, with γ-Aminobutyric acid (GABA) as the most prominent \[[@B8]-[@B10]\]. In the mouse SCN, a set of neurons expressing vasoactive intestinal peptide (VIP) are located in the ventral-medial SCN, while the dorsal-lateral SCN is populated by cells expressing vasopressin (VP) \[[@B11]\]. VIP-expressing cells receive retinal input. In these cells, expression of the clock gene, *Per1*, increases in response to light in a manner that correlates with behavioral phase shifting responses \[[@B12],[@B13]\]. Cells expressing VIP are thought to relay photic information to the VP-containing cells, because application of VIP induces phase-shifts in the circadian expression of VP in a similar manner to light \[[@B14]\]. In addition, VIP knockout mice display behavioral arrythmicity as well as desynchronization of the clock with the environment \[[@B15],[@B16]\].

We examined the expression of VIP-and VP-containing cells and retinal innervation in CBA/J and CBA/N mice. Our data demonstrate greater numbers of VIP-and VP-positive cells and greater FOS expression in response to light and in CBA/J mice, which may underlie altered central processing of photic signals.

Materials and methods
=====================

Animals
-------

Adult male CBA/J mice (Jackson Laboratory, Bar Harbor, ME, USA), which carry the *Pde6b^rd1^*mutation and exhibit blindness by weaning age, were used to examine the effects of early retinal degeneration on circadian function and retinal innervation of the SCN. For controls, we used male CBA/N mice (National Cancer Institute, Frederick, MD, USA), which have the same genetic background as the CBA/J mice, but lack the phosphodiesterase mutation and are, therefore, visually intact. The mice were housed in facilities that permit the maintenance of a 12-hour light-dark (LD 12:12) cycle \[[@B6]\]. All procedures were carried out in compliance with the guidelines of the National Institutes of Health. The Institutional Animal Care and Use Committee of Oregon Health & Science University approved all protocols in advance.

Tissue preparation
------------------

Animals were deeply anesthetized with isoflurane and perfused intracardially with 4% paraformaldehyde (PFA) (pH 7.4) for 10 min at zeitgeber time (ZT) 6. The brains were removed and postfixed in PFA overnight at 4°C. Following fixation, the brains were cryoprotected by successive immersion in phosphate-buffered solutions containing 10% and 30% sucrose at 4°C overnight. The tissue was embedded in Thermo Shandon Cryochrome (Thermo Scientific, Pittsburgh, PA, USA), fast-frozen over dry-ice mixed with 100% ethanol for 3-5 minutes and stored at -80°C.

Antibodies
----------

Rabbit polyclonal antibodies directed against VIP (Peninsula Laboratories, San Carlos, CA, USA) or VP (Abcam, Cambridge, MA, USA) were diluted (1:500) in blocking solution (1% BSA + 0.3% Triton-X). The rabbit polyclonal FOS antibody (Oncogene Science, Manhasset, NY, USA) was diluted (1:250) in blocking solution. Alexa-488 labeled goat anti-rabbit IgG (Molecular Probes, Eugene, OR, USA) diluted in blocking solution (1:1000) was used as a secondary antibody.

Immunohistochemistry
--------------------

Embedded brains were sectioned (20 μm) on a Leica 1720 digital cryostat. Sections containing SCN were rinsed in 0.1 M PB with 0.3% Triton-X for 15 min and placed in blocking solution for 1 hour at RT. For VIP and VP studies, the tissue was incubated in primary antibody for 48 hours at 4°C. For the light-induced FOS expression experiments, the tissue was incubated in primary antibody for 72 hours at 4°C. Sections were rinsed with 0.1 M PB with 0.3% Triton-X and incubated in secondary antibody for 2 hours at RT. The tissue was rinsed with 0.1 M PB, counterstained with the nuclear stain, DAPI (80 ng/ml) for 1-3 min at RT and mounted on a glass slide in Aqua Mount (Fisher Scientific, Pittsburgh, PA, USA). Immunostained tissue was imaged by fluorescence microscopy at 20 × using a Zeiss Axioscope 2 TM.

Light-induced *FOS*expression
-----------------------------

CBA/J and CBA/N mice were maintained in constant darkness (DD) for at least 10 days, and the free-running periods were calculated using ClockLab (Actimetrics Software, Wilmette, IL, USA). At circadian time (CT) 16, the mice were exposed to a white light pulse administered by a 32-W fluorescent bulb (500 lux) for 1 hour then returned to DD for 90 min. Mice were anesthetized with isoflurane and perfused under dim red light. Brains were removed and processed as described above. Control mice were kept in the same lighting conditions without the presentation of a light pulse and sacrificed at the same CT. The number of FOS positive cells was counted, and the percent increase in FOS in response to light was calculated by dividing the average number of cells in mice exposed to light by the average number of cells in mice in DD.

Cell counts
-----------

VIP, VP and FOS staining were examined in CBA/J and CBA/N mice. Brain sections were collected and stained as described above. The average number of VIP-and VP-positive cell bodies was calculated in each section and averaged among three 20 μm coronal sections along the middle of the rostral-caudal axis and separated by 40-60 μm. Cell counts were performed using ImageJ software \[[@B17]\]. DAPI staining was used to ensure that the level of coronal brain sections were comparable across the tissue samples examined from each animal. Image contrast was adjusted using Axiovision software (Carl Zeiss Microimaging, Germany).

Statistics
----------

Averages are reported as the mean ± SD. Significance was determined using the Student\'s t-Test.

Results
=======

CBA/J mice have greater numbers of VIP-and VP-positive cells
------------------------------------------------------------

VIP-containing cells are found in the ventral portion of the mouse SCN and receive retinal input. To examine whether early retinal degeneration altered neuropeptide expression in the SCN, we examined the number of VIP-positive cells in CBA/J (n = 7) and CBA/N (n = 5) mice. Figure [1A](#F1){ref-type="fig"} shows that in both CBA/J and CBA/N mice, VIP-positive cell bodies were concentrated in the ventral SCN with few cells in the dorso-medial SCN, and VIP-positive fibers projected dorsally. Upon counting the cells (Figure [1B](#F1){ref-type="fig"}), we found that there were significantly greater numbers of detectable VIP-positive cells in the CBA/J mice compared to CBA/N mice (CBA/J = 37 ± 8 cells; CBA/N = 27 ± 5 cells, p = 0.04; t~10~= -2.4) (Figure [1C](#F1){ref-type="fig"}).

![**VIP-positive cells in the SCN of CBA/J and CBA/N mice**. A. Coronal SCN sections stained with an antibody against VIP show that in both CBA/J and CBA/N mice, VIP-positive cells bodies are found primarily in the ventral SCN, with fibers projecting dorsally. B. Magnified area indicating the ability to count cell bodies stained for VIP. Scale bar = 20 μm. C. The average number of VIP-positive cells detected per SCN is greater in the SCN of CBA/J mice compared to CBA/N. Scale bar = 100 μm. \* = p = 0.04, t~10~= -2.4.](1744-9081-6-36-1){#F1}

To examine differences in SCN output neurons of CBA/J mice, coronal brain sections from CBA/J (n = 8) and CBA/N (n = 4) mice were stained with an antibody against VP. In both strains, VP-positive cells were found dorsally in the SCN. For the most part, cell bodies were not observed in the ventral SCN (Figure [2A](#F2){ref-type="fig"}). Significantly greater numbers of detectable cells were present in CBA/J mice compared to controls (CBA/J = 73 ± 14 cells; CBA/N = 49 ± 8 cells, p = 0.01, t~10~= 3.15) (Figure [2B, C](#F2){ref-type="fig"}).

![**VP-positive cells in the SCN of CBA/J and CBA/N mice**. A. Coronal SCN sections stained with an antibody against VP show that in both CBA/J and CBA/N mice, VP-positive cell bodies are found primarily in the dorsal shell. B. Magnified area indicating the ability to count cell bodies stained for VP. Scale bar = 20 μm. C. The average number of detectable VP-positive cells per SCN is greater in CBA/J mice compared to CBA/N. Scale bar = 100 μm. \* = p = 0.01, t~10~= 3.15.](1744-9081-6-36-2){#F2}

Light induction of *FOS*expression is greater in CBA/J mice
-----------------------------------------------------------

We examined light-induced FOS expression in the SCN of CBA/J and CBA/N as an indication of functional retinal innervation. CBA/J (n = 5) and CBA/N (n= 5) mice kept in DD were exposed to a pulse of bright light for 1 hour at CT 16. In response to light, FOS expression was induced in the SCN of both strains. The gain of the fluorescent signal was increased equally in all sections in order to better visualize the staining. This caused some cells to appear brighter than others, which does not represent a change in the level of protein expression. Though concentrated in the ventral region, staining was present throughout the SCN, consistent with previously reported work \[[@B18]-[@B20]\]. The percent increase in FOS positive cells in mice exposed to light compared DD was significantly greater in CBA/J mice compared to CBA/N (CBA/J, 4.8-fold increase; CBA/N, 2.1-fold increase) (CBA/J, 99 ± 13 cells; CBA/N, 56 ± 5, p = 8.9 × 10^-5^, t~8~= 7.2). Expression was low in mice kept in DD (CBA/J, n = 3; CBA/N, n = 3) with no exposure to light, suggesting that FOS induction was the result of light exposure. These values were not statistically different from each other (CBA/J, 20. ± 4 cells; CBA/N, 26 ± 2. cells, p = 0.07, t~4~= -2.4) (Figure [3](#F3){ref-type="fig"}).

![**Light-induced FOS expression in the SCN of CBA/J and CBA/N mice**. A. There are greater numbers of FOS-positive cells in the SCN in response to a 1hr light pulse is greater in CBA/J (dark grey) than CBA/N mice (white). Light grey bars show that FOS expression is significantly less in animals kept in DD and does not differ between strains (light grey bars). \* = p = 8.9 × 10^-5^, t~8~= 7.2.](1744-9081-6-36-3){#F3}

Discussion
==========

CBA/J mice have attenuated phase-shifting responses to light compared to CBA/N controls \[[@B6],[@B7]\]. These results are surprising because CBA/J mice have greater numbers of ipRGCs \[[@B6]\]. A reasonable hypothesis is that the increased number of ipRGCs would result in enhanced behavioral responses to light. The work described here attempts to reconcile these findings by examining changes in central processing that could explain the differences in behavior.

VIP-expressing cells
--------------------

To identify the relationship between the increased numbers of ipRGCs and the attenuated behaviors in CBA/J mice, we examined potential changes in neuropeptide expression in the SCN. VIP is expressed by many SCN neurons and is often used as a marker for the ventral SCN. Mice lacking VIP or its receptor, VPAC2, have weak circadian rhythms in DD, while over-expressing the VPAC2 receptors shortens the free-running period in DD \[[@B21],[@B22]\]. Genetic deletion of VIP or the VPAC2 receptor disrupts rhythmic clock gene expression, the rhythmic action potential firing of SCN neurons, and behavioral circadian rhythms \[[@B23]\]. Synchrony of individual oscillators and behavioral rhythmicity can be rescued by application of VIP or the VPAC2 receptor agonist RO 25-1553 \[[@B24],[@B25]\]. In addition, VIP is known to play a role in phase-shifting because injection of VIP into hamster SCN causes phase-shifts in locomotor activity that are similar to those produced by light \[[@B26],[@B27]\]. Together these data suggest an important role for VIP in light transmission and coordination in the SCN and in circadian behaviors.

In these experiments, we sought to determine whether there are differences in VIP expression in SCN neurons that might account for the changes of photic entrainment. We found a greater number of VIP-positive cells in the SCN of CBA/J mice. This finding was unexpected because it suggests that greater numbers of light responsive cells are associated with attenuated circadian behaviors. This finding mirrors that of our previous work, which showed that CBA/J mice have greater numbers of light responsive cells in the retina compared to controls \[[@B6]\].

VP-expressing cells
-------------------

To further explore changes in the SCN, we looked at neurons that function to output circadian timing signals, which might be influenced by VIP. VP is expressed in neurons of the dorsal-lateral SCN and is released in a circadian manner and relies on input from VIP-expressing cells for synchronization, implicating its role in circadian output. VIP also induces phase shifts in VP expression, and mice with a null mutation in the gene for the VIP receptor, VPAC2, do not express rhythms in VP expression \[[@B22],[@B27]\]. We now report that CBA/J mice have greater numbers of detectable cells expressing VP compared to controls. This finding shows that in addition to greater numbers of input cells, CBA/J mice also have greater numbers of neurons involved in output pathways.

Retinal innervation
-------------------

Retinal input to the SCN is necessary for light entrainment; therefore changes in retinal innervation could explain differences in circadian behavior. We measured light-induced FOS expression in the SCN of the CBA/J mice at a time when a light pulse was shown to affect an attenuated phase-shift in circadian behavior. Given that our previous work demonstrates that outer retinal degeneration during development results in greater numbers of ipRGCs, and that there are greater numbers of VIP-positive cells in the SCN, we hypothesized that there would be a greater degree of retinal innervation in CBA/J mice compared to controls. We found that there were greater numbers of FOS positive cells in CBA/J mice compared to controls. In both strains, the FOS positive cells were located throughout the SCN, which is in agreement with previous studies \[[@B18]-[@B20]\]. These data suggest that there are greater numbers of light sensitive cells in the SCN of CBA/J mice. Whether FOS is involved in the entrainment pathway or if it is simply a marker for an early response to light is unclear. However, a change in the number of cells expressing FOS in response to light would suggest differences in functional innervation of the SCN, which could underlie changes in central processing. These data support the conclusion that the alterations in retinal and SCN anatomy observed in CBA/J mice also reflect a functional change.

In attempting to reconcile the observations that CBA/J mice have greater numbers of cells involved in circadian entrainment, but have attenuated phase changes, it is important to note that the SCN is a heterogeneous structure made up of many neurons expressing different peptides. One molecule of great importance is γ-aminobutyric acid (GABA), which is expressed in most SCN neurons and plays a major role in neurotransmission. The exact mechanism by which GABAergic synaptic transmission translates into a behavior is unclear, however, GABA can synchronize and phase-shift clock cells \[[@B28]\]. In hamsters, injection of the GABA receptor agonist, baclofen, into the SCN decreases the animals\' phase-shifting responses to light in wheel running paradigms \[[@B29]\]. This suggests that activation of GABA receptors plays a role in attenuating behavioral responses to light. In mouse SCN, GABA is expressed within approximately 70% of VIP-expressing cells \[[@B30]\]. VIP enhances inhibitory transmission by increasing the frequency of IPSCs mediated by GABA in the SCN \[[@B31]\]. As a result, the increase in VIP-positive cell numbers in CBA/J mice might lead to an increased modulation of GABAergic activity.

VP is also colocalized with GABA \[[@B32]\]. It is possible that the increase in VP cells could play a role in the behaviors of CBA/J mice if the effects are mediated by an increase in GABA levels. Further work is needed to better understand how communication among VIP, VP, GABA and other neuropeptides within the SCN influences circadian function.

Retinal innervation is an important part of establishing proper pathways during development. The number of cells and connections they make are dependent on intrinsic properties of the cells and the target being innervated. The loss of target tissues can lead to an increase in cell death of the innervating cells, suggesting that the cell depends on the target for survival cues. Experimentally increasing the number of targets decreases the degree of developmental cell death \[[@B33],[@B34]\]. In addition, the reduction of afferent input to the target results in a significant increase in neuronal death. This has been shown in the retina and superior cervical ganglion of the rat \[[@B34]-[@B36]\]. Together these data suggest that retinal innervation plays a role in determining cell number of the target cell as well as the neuron reaching it.

If developmental changes in retinal innervation affect the development of the SCN, this could explain why CBA/J mice have attenuated phase-shifting responses, while other animal models of retinal degenration, such as the *rd/rd*mouse and RCS rat do not \[[@B37],[@B38]\]. These animals lose photoreceptors later in development, after the retina has matured, unlike the CBA/J mice, which lose outer retinal layers during postnatal development. Changes in the degree of innervation during development could explain the differences in ipRGC number as well as differences in the SCN.

Limitations
===========

The data presented here suggest that loss of photoreceptors during early postnatal development impacts circadian system function. Our light-induced FOS data suggest that there is a change in functional innervation of the SCN in CBA/J mice because there are greater numbers of FOS-expressing cells in response to light. This would be expected because there are greater numbers of ipRGCs. However, it would be helpful to have anatomical data to better correlate the findings of increased ipRGCs in the retina with changes in neuropeptide expression the SCN. We have performed intraocular injections with labeled cholera toxin in order to trace RGC axons and label their terminals in the SCN. This method was limited, however, as the fibers of RGCs are extremely dense, and it was difficult to resolve synapse locations using the techniques available to us. Having a method to specifically label ipRGC terminals would have enabled us to determine whether the greater numbers of ipRGCs terminate on the VIP-containing cells, which were also found in greater numbers in CBA/J mice. Such data would provide further evidence to link changes in the developing retina with changes in the SCN.

In addition, because the SCN is composed of a heterogeneous population of neurons, which express diverse neuropeptides, it is difficult to sort out the potential contributions of these various pathways to altered circadian behaviors.

Conclusions
===========

Our data demonstrate that the retinal degeneration during development seen in the CBA/J mice impacts the central processing responsible for circadian behaviors. It suggests a role for maturation of rods and cones in influencing circadian function. However, it is unclear whether degeneration in the retina is responsible for changes in the SCN. A greater number of light responsive cells could translate into attenuated circadian behaviors if there is a sign inversion within central processing. This could occur through enhanced inhibitory synaptic transmission, mediated by GABA. Further work would need to look at the contributions of additional signaling pathways both in the mature animal and during development.
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